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New treatments for spinal 
Nerve root Avulsion injury
Thomas Carlstedt*
Wolfson CARD, Kings College London, London, UK
Further progress in the treatment of the longitudinal spinal cord injury has been made. 
In an inverted translational study, it has been demonstrated that return of sensory func-
tion can be achieved by bypassing the avulsed dorsal root ganglion neurons. Dendritic 
growth from spinal cord sensory neurons could replace dorsal root ganglion axons 
and re-establish a reflex arch. Another research avenue has led to the development of 
adjuvant therapy for regeneration following dorsal root to spinal cord implantation in root 
avulsion injury. A small, lipophilic molecule that can be given orally acts on the retinoic 
acid receptor system as an agonist. Upregulation of dorsal root ganglion regenerative 
ability and organization of glia reaction to injury were demonstrated in treated animals. 
The dual effect of this substance may open new avenues for the treatment of root avul-
sion and spinal cord injuries.
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iNtrODUctiON
In a previous communication, the basic science background and its clinical translation to the 
first surgical method that results in functional return after a spinal cord injury was given (1). The 
traumatic tear of nerve roots from the spinal cord interrupts the segmental transverse sensory and 
motor nerve fibers causing a longitudinal spinal cord injury. If left untreated, the affected spinal cord 
segments can deteriorate over about 1 month, with disintegration of neuronal networks and death 
of motor (2), sensory (3), and autonomic (4) nerve cells. The clinical effect of such lesion is loss of 
motor and sensory and autonomic function. Such injury in the human occurs most frequently in 
road traffic accidents affecting mainly the nerve plexus formations for limb function mostly for the 
arm, i.e., the origin of the brachial plexus. The cure of this condition depends on regeneration in the 
central nervous system (CNS).
By reimplanting avulsed nerve roots into the spinal cord functional useful motor but not sensory 
function is restored if the procedure is performed before 1 month after injury. This unique surgical 
strategy has since 25 years been a routine procedure in centers for brachial plexus injury in Stockholm 
and London (5). Close to 100 patients with at least subtotal brachial plexus root avulsions have been 
treated. In most patients, there is motor recovery which is functional in about 70% of the cases (6). 
Like in other types of brachial plexus or proximal nerve injuries mainly the proximally situated 
muscles recover good function. Distal muscles such as in the hand rarely regain any useful activity, 
although this has been described in some patients (7, 8). Remaining problems with this technique are 
injury-induced neuronal death, direction and specificity of reinnervation, and muscle and sensory 
receptor disintegration from long time of denervation.
Sensory recovery is not possible to restore only by reimplanting avulsed dorsal roots. The dorsal 
root ganglion neurons are unable to regenerate into the adult spinal cord (9). The molecular and 
cellular events that repel or arrest axons in the PNS–CNS transitional region remain elusive, but the 
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idea that axons may terminate regeneration by synapsing with 
non-neuronal cells was originally proposed (9). This provocative 
idea has recently been supported (10). Proteoglycan producing 
NG2 cells have been indicated to participate in such process 
(11), and it is therefore pertinent to further study these cells in 
conjunction with dorsal root de- and regeneration across the 
PNS–CNS transitional region (see below). Since the previous 
communication (1), experimental and clinical studies have been 
performed in order to overcome the problem of sensory recovery 
after dorsal root avulsion injury.
iNtrAMeDULLArY NeUrON trANsFer 
tO re-estABLisH seNsOrY FUNctiON
A type of palliative “neurotization” procedure to replace the 
avulsed dorsal root and its ganglion containing the primary sen-
sory neurons was developed. The concept of ventral root or nerve 
graft implantation to promote growth from spinal cord motoneu-
rons to the periphery was the basis for a procedure to reconnect 
the periphery with spinal cord sensory systems. Sensory nerve 
cells in the spinal cord could hypothetically in accordance with 
CNS motoneurons potentially elongate new processes into a PNS 
graft implanted into the dorsal spinal cord to reconnect with 
the periphery. When asking spinal cord neurons to extend new 
processes into the PNS, it is likely that not axons but dendrites 
would be recruited by the PNS conduit implanted into the dorsal 
horn. It is well established that dendrites can produce aberrant 
or supernumerary axons after injury. Such processes have been 
shown to extend from dendrites into the PNS and are called den-
draxons (12) or unusual distal processes (UDP) (13). Extension 
of supernumerary axons or dendraxons into a PNS conduit has 
previously been demonstrated for motoneurons (12, 14). It has 
also been shown that such processes can transmit impulses and 
contain transmitter substances for synaptic communication (14).
Experimentally, it was shown that intrinsic sensory spinal 
cord neurons can extend new (non-regenerative) processes into 
an implanted PNS conduit. Immunohistochemical technique 
(MAP2 staining) showed that these neurites were dendrites that 
had extended into the implanted PNS conduit and have functional 
properties (9). Electrophysiology verified that the new growth 
from sensory spinal cord neurons can transmit impulses. There 
was also a demonstration of transsynaptically provoked muscle 
contraction when stimulating these neurites which demonstrates 
that an integration of this new growth of spinal cord neurons 
with segmental spinal cord circuits in particularly ventral horn 
motoneurons occurred.
The implantation of a PNS conduit into both the ventral for 
motor recovery and dorsal part of the spinal cord for sensory 
recovery was performed in clinical cases of brachial plexus avul-
sion injury. Following such procedures, proprioception together 
with muscle function could be demonstrated (8). The biceps 
tendon reflex was confirmed clinically and H-reflex by means 
of electrophysiology (8). This is intriguing as proprioceptive 
function has been demonstrated to disappear and not to recover 
after a nerve injury with regeneration (15). With this extended 
spinal cord surgery including also sensory neurons, it was obvi-
ous that movements had become more controlled without the 
usual synkinesis seen in cases were motor conduits only had 
been reconstructed. In contrast to recovery of proprioception, 
there were no clinical, electrophysiological, or structural signs of 
exteroception (8).
ADJUvANt tHerAPY FOr sPiNAL cOrD 
seNsOrY reGeNerAtiON
The dorsal root injury is considered as a type of spinal cord injury 
and as such the most common spinal cord injury (16). The pal-
liative neurotization procedure described earlier has not resulted 
in a full sensory recovery. It is obvious that adjuvant therapy is 
necessary to complement surgery in order to recover better sen-
sation after dorsal root injury or avulsion from the spinal cord. 
There are at least two major reasons for the failure of injured 
dorsal root axons to regrow back into the spinal cord. There is 
a lack of intrinsic neuronal growth, based largely on inactivity 
in the phosphoinositide3-kinase (PI3K)/Akt/mammalian target 
of rapamycin (mTOR) pathway, which is negatively regulated by 
phosphatase and tensin homolog (PTEN) (17). Another major 
impediment to regeneration into the spinal cord is the formation 
of an inhibitory environment by a glia scar.
The retinoic acid signaling system is very powerful in neuron 
growth and regeneration. Previous work has shown that retinoic 
acid receptor (RAR) beta 2 signaling stimulates axonal outgrowth 
in human, mouse, and rat (18, 19). In the adult, retinoic acid-
responsive elements are locally activated in the regenerating rat 
nerve after a peripheral nerve injury (20). In adult spinal cord 
explants and dorsal root ganglion neurons where RARbeta 2 is 
absent, overexpression of RARbeta stimulates neurite outgrowth 
(21). Furthermore, delivery of RARbeta 2 to adult neurons 
induces axonal regeneration programs within injured neurons 
and encourages axonal growth also in the inhibitory CNS (22).
A small lipophilic molecule which is an agonist to the nuclear 
receptor RAR beta has been developed to be used in conjunc-
tion with dorsal root to spinal cord reimplantation surgery. In 
a rat model of cervical dorsal root avulsion (C5–T1), the newly 
developed RARbeta agonist was given (23). After 4  weeks of 
treatment, behavioral tests showed recovery of sensory (the 
sticky tape test; sensing and removal) and locomotor function 
(the horizontal ladder test). Dorsal root fiber regeneration across 
the dorsal root peripheral–central transitional region (PNS–CNS 
TR) was shown by biotinylated dextran amine (BDA) labeling 
and by means of tractography which showed a robust ingrowth 
of neurites. Synaptic recovery was demonstrated by analysis of 
noxious heat stimuli response, synaptic density, and mechano- 
and proprioceptive synapses in the dorsal horn showing that new 
connections had been established in the spinal cord (23).
Of paramount importance is how the regenerated dorsal root 
axons re-entered the spinal cord. In the naive adult situation, 
there is a specialized transitional region between a stereotype 
peripheral nerve compartment of the dorsal root and the central 
nervous fiber tracts of the spinal cord, which involves a number of 
unique structural entities (24). Among these are the occurrences 
of fibrous astrocytic processes surrounding and separating the 
most proximal peripheral paranodes and a compound PNS–CNS 
type of node of Ranvier at the crossing of nerve fibers from the 
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PNS to the CNS of organization (25). In the treated animals, a glia 
construct of a similar organization had been re-established at the 
passing of regenerated dorsal root axons into the spinal cord. This 
is of conceptual importance as it seems as a naive structural glia 
organization has to be repeated to allow a successful regeneration. 
This is presently the subject of further studies in particular what 
the role of the NG2 cells are in this context.
Studies of the mechanisms of the switch from a non-permissive 
environment in the CNS and an increased regenerative activity in 
the dorsal root neurons to allow for regeneration demonstrated 
that the RARbeta agonist modulates the PTEN signaling pathway 
in both neurons and astrocytes. In neurons RARbeta, via a cyto-
plasmic effect, induces PTEN to move from the membrane where 
it blocks axonal growth via the PI3K inhibition (17), into the 
cytoplasm, where it becomes phosphorylated and hence inactive 
(26). In addition, stimulation of RARbeta results in an increased 
secretion of PTEN in exosomes. These are taken up by astrocytes, 
resulting in hampered proliferation and glia scar formation as 
well as causing them to arrange in a normal-appearing scaffold 
around the regenerating axons allowing them to grow back into 
the spinal cord (23). The dual effect of RARbeta signaling, both 
neuronal and neuronal–glial, results in axonal regeneration in the 
spinal cord after dorsal root injury.
Pharmacokinetic and pharmacodynamics studies have dem-
onstrated dose-dependent efficacy in oral administration of the 
RARbeta agonist. Toxicological tests have shown little adverse 
effects. Clinical trials are now imminent in the most experienced 
centers for plexus injuries (London and Stockholm) using this 
first drug that can be given orally for direct treatment of a spinal 
cord injury.
In summary, there is the potential of new growth and plastic-
ity rather than regeneration of spinal cord sensory neurons that 
can replace the injured primary sensory dorsal root neurons and 
reconnect to the periphery for reestablishment of some but not all 
sensory qualities. In order for a more complete return of sensory 
function after dorsal root avulsion from the spinal cord, a unique 
adjuvant therapy has been developed. A new drug that can be 
given orally restores sensory functions and muscle coordination 
after such injury by means of regeneration within the spinal cord. 
If successful in clinical trials, this drug can be considered for 
many other CNS injuries.
AUtHOr cONtriBUtiONs
The author confirms being the sole contributor of this work and 
approved it for publication.
AcKNOWLeDGMeNt
The generous support by Dr M. Risling is highly appreciated.
reFereNces
1. Carlstedt T. Perspective on the treatment of the longitudinal spinal cord injury. 
Front Neurol (2011) 2:11. doi:10.3389/fneur.2010.00011 
2. Bergerot A, Shortland PJ, Annand P, Hunt SP, Carlstedt T. Co-treatment 
with riluzole and GDNF is necessary for functional recovery after ven-
tral root avulsion injury. Exp Neurol (2004) 187:359–66. doi:10.1016/j.
expneurol.2004.02.003 
3. Chew DJ, Linster VHL, Sakthithasan M, Robson ML, Carlstedt T, Shortland 
PJ. Cell death after dorsal root injury. Neurosci Lett (2008) 433:231–4. 
doi:10.1016/j.neulet.2008.01.012 
4. Hoang TX, Akhavan M, Wu J, Havton LA. Minocyline protects motor but not 
autonomic neurons after cauda equina injury. Exp Brain Res (2008) 187:71–7. 
doi:10.1007/s00221-008-1398-5 
5. Carlstedt T. Central Nerve Plexus Injury. London: Imperial College Press 
(2007).
6. Htut M, Misra P, Anand P, Birch R, Carlstedt T. Motor recovery and the breath-
ing arm after brachial plexus surgical repairs, including re-implantation of 
avulsed spinal roots into the spinal cord. J Hand Surg Eur (2007) 31:596–605. 
doi:10.1016/j.jhsb.2006.04.027 
7. Carlstedt T, Hultgren T, Nyman T, Hansson T. Cortical activity and hand 
function restoration in a patient after spinal cord surgery. Nat Rev Neurol 
(2009) 5:571–4. doi:10.1038/nrneurol.2009.137 
8. Carlstedt T, Misra PV, Papadaki A, MacRobbie D, Anand P. Return of spinal 
reflex after spinal cord surgery for brachial plexus avulsion injury. J Neurosurg 
(2012) 116(Spine 2):414–7. doi:10.3171/2011.7.JNS111106 
9. Carlstedt T. Regenerating axons form nerve terminals at astrocytes. Brain Res 
(1985) 347:188–91. doi:10.1016/0006-8993(85)90911-4 
10. Han SB, Kim H, Skuba A, Tessler A, Fergusson T, Son Y-J. Sensory axon 
regeneration: a review from an in vivo imaging perspective. Exp Neurol (2012) 
3:83–93. doi:10.5607/en.2012.21.3.83
11. Son Y-J. Synapsing with NG2 cells (polydendrocytes), unappreciated barrier 
to axon regeneration. Neural Regen Res (2015) 10:346–8. doi:10.4103/1673- 
5374.153672 
12. Lindå H, Risling M, Cullheim S. “Dendraxons” in regenerating motoneurons 
in the cat: do dendrites generate new axons after central axotomy? Brain Res 
(1985) 385:329–33. doi:10.1016/0006-8993(85)90978-3 
13. Rose PK, Odlozinski M. Extension of the dendritic tree of motoneurons 
innervating neck muscles of the adult cat after permanent axotomy. J Comp 
Neurol (1998) 390:392–411. doi:10.1002/(SICI)1096-9861(19980119)390:3< 
392::AID-CNE7>3.0.CO;2-X 
14. Hoang TX, Nieto JH, Havton LA. Regenerating supernumerary axons are 
cholinergic and emerge from both autonomic and motor neurons in the rat 
spinal cord. Neuroscience (2005) 136:417–23. doi:10.1016/j.neuroscience. 
2005.08.022 
15. Alvarez FJ, Titus-Mitchell HE, Bullinger KL, Kraszpulski M, Nardelli P, 
Cope TC. Permanent central synaptic disconnection of proprioceptors after 
nerve injury and regeneration. 1. Los of VGLUT/1A synapses on motoneuron. 
J Neurophysiol (2011) 106:2450–70. doi:10.1152/jn.01095.2010 
16. Ramer MS, McMahon SB, Priestly JV. Axon regeneration across the 
dorsal root entry zone. Prog Brain Res (2001) 136:621–39. doi:10.1016/
S0079-6123(01)32107-6 
17. Park KK, Liu K, Hu Y, Kanter JL, He Z. PTEN/mTOR and axon regeneration. 
Exp Neurol (2010) 223:45–50. doi:10.1016/j.expneurol.2009.12.032 
18. Agudo M, Yin P, Davies M, Bradbury E, Doherty P, McMahon S, et  al. 
A retinoic acid receptor beta agonist (CD2019) overcomes inhibition of 
axonal outgrowth via phosphoinositide 3-kinase signalling in the injured 
adult spinal cord. Neurobiol Dis (2010) 37:147–55. doi:10.1016/j.nbd.2009. 
09.018 
19. Wong L-F, Yip PK, Battaglia A, Grist J, Corcoran J, Maden M, et al. Retinoic 
acid receptor beta2 promotes functional regeneration of sensory axons in the 
spinal cord. Nature (2006) 9:243–50. doi:10.1038/nn1622 
20. Zhelvaznik N, Schrage K, McKaffery P, Mev J. Activation of retinoic acid 
signalling after sciatic nerve injury: upregulation of cellular retinoic bind-
ing proteins. Eur J Neurosci (2003) 18:1033–40. doi:10.1046/j.1460-9568. 
2003.02834.x 
21. Corcoran J, So PL, Barber RD, Vincent KL, Mazarakis ND, Mitrophanous 
KA, et al. Retinoic acid receptor beta 2 and neurite outgrowth in the adult 
mouse spinal cord in  vitro. J Cell Sci (2002) 115:3779–86. doi:10.1242/ 
jcs.00046 
22. Yip PK, Wong LP, Pattison D, Battaglia A, Grist J, Bradbury EJ, et al. Lentiviral 
vector expressing retinoic acid receptor beta 2 promotes recovery of function 
after corticospinal tract injury in the adult rat spinal cord. Hum Mol Genet 
(2006) 15:3107–18. doi:10.1093/hmg/ddl251 
4Carlstedt Nerve Root Avulsion
Frontiers in Neurology | www.frontiersin.org August 2016 | Volume 7 | Article 135
23. Goncalves MB, Malmquist T, Clarke E, Hubens CJ, Grist J, Hobbs C, et al. 
Neuronal RARbeta signalling modulates PTEN activity directly in neurons 
and via exosome transfer in astrocytes to prevent glia scar formation 
and induce spinal cord regeneration. J Neurosci (2015) 35(47):15731–45. 
doi:10.1523/JNEUROSCI.1339-15.2015 
24. Berthold C-H, Carlstedt T. Observations on the morphology at the transition 
between the peripheral and central nervous system in the cat. II. General 
organization of the transitional region in S1 dorsal rootlets. Acta Physiol Scand 
Suppl (1977) 446:23–42. 
25. Berthold C-H, Carlstedt T. Observations on the morphology at the tran-
sition between the peripheral and central nervous system in the cat. III. 
Myelinated fibres in S1 dorsal rootlets. Acta Physiol Scand Suppl (1977) 
446:43–60. 
26. Ross AH, Gericke A. Phosphorylation keeps PTEN phosphatase closed 
for business. Proc Natl Acad Sci U S A (2009) 106:1297–8. doi:10.1073/
pnas.0812473106 
Conflict of Interest Statement: The author declares that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.
Copyright © 2016 Carlstedt. This is an open-access article distributed under the 
terms of the Creative Commons Attribution License (CC BY). The use, distribution or 
reproduction in other forums is permitted, provided the original author(s) or licensor 
are credited and that the original publication in this journal is cited, in accordance 
with accepted academic practice. No use, distribution or reproduction is permitted 
which does not comply with these terms.
